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Abstract
Spiral waves in the heart underlie dangerous cardiac arrhythmias such as fibrillation. Low-voltage defibrillation and cardioversion
are modern methods to treat such pathologies. This type of electrotherapy is based on the phenomenon of superseding spiral waves
by a high-frequency source of excitation. In this paper, we numerically simulated the superseding process in a thin layer of the
cardiac muscle. We captured the case of a sole spiral wave with a stable core at the centre of a square. We used different cell-level
models as well as a variety of electrode configurations and studied the induced drift of the spiral wave. Regimes of the external
stimulation were classified based on whether they provide an effective and safe, that is without break-up, way to shift the spiral
toward the boundary.
c 7 ut rs. lis ls i . .
responsibility of the scientifi co mittee of the 6th I ternational Young Scientist co fere ce in HPC and
i lati .
Keywords: heart simulation, defibrillation, cardioversion, myocardium, spiral wave, anisotropy, excitable medium
PACS: 87.19.Hh, 87.19.Nn
2010 MSC: 92C05
1. Introduction
Auto-wave processes are widely spread in nature and are an important focus of research in recent decades. Without
an excitation source, auto-waves can disappear or be self-sustained. The sources of self-sustained auto-wave activity in
excitable media may have the form of rotating spirals, called spiral waves. Such waves have been detected in excitable
media of a physical, chemical and biological nature, for example, in the Belousov–Zhabotinsky (BZ) reaction, CO
oxidation on Pt catalyst, in morphogenesis of Protozoa organisms (amoebas Dictiostelium discoedeum), as well as in
the retina, the nervous and cardiac tissue. Spiral waves underlie the mechanisms of several pathological conditions
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with a great socio-economic impact, such as cardiac arrhythmias, migraines and, epilepsy. The appearance of spiral
waves in the myocardium leads to paroxysmal tachycardia or fibrillation. These arrhythmias can affect the atria as
well as the ventricles of the heart. In this regard, it is important to develop effective ways to control the dynamics
and position of the spiral waves as it will result in development of better ways of managing these diseases. An
effective method of treatment is electrical (high-voltage) cardioversion-defibrillation, though it is rather traumatic
for myocardium and very stressful for the patient. Therefore an extremely important direction of research is finding
new ways of removing spiral waves in the heart without utilizing high-voltage shocks. This topic of research is
often regarded as low-voltage cardioversion-defibrillation (LVCD). This research is important for the development of
implantable low-voltage cardioverters-defibrillators.
Numerical studies of LVCD were initiated using a two-variable model for cardiac tissue in [3], where a geometric
explanation of the mechanism of drift was also proposed. Attempts to investigate LVCD theoretically and experimen-
tally in the case of multiple spiral waves have been made (see for example [21, 9, 2]). There have been clinical studies
of LVCD in case of paroxysmal tachycardia [19, 17], which showed an effectiveness of about 70%.
There are theoretical results of LVCD for a spiral wave rotating around an unexcitable heterogeneity (for example,
a scar after a myocardial infarction) in a 2-dimensional medium model [16, 12]. In particular, it is shown that high-
frequency stimulation cannot eliminate a wave rotating around an obstacle if its size is much larger than the size of
the spiral wave core. Theoretical estimates of the maximal stimulation period necessary to eliminate the spiral wave
were obtained. They depend on the radius of the circular obstacle and period of spiral wave rotation.
Another LVCD method is based on the effect of an external electric field on the entire myocardium. If spiral waves
rotate around small unexcited or slowly-excitable regions, the external electric field can detach the wave from the
obstacle and drive it to the border of the myocardium. This method was considered in works [9, 6, 20, 21, 2].
The case of the placement of a long flat electrode near the core of a spiral wave was analyzed theoretically, including
a computational experiment [5]. Stimulation from an electrode located inside or near the core of the spiral wave was
considered in [20].
Low-voltage superseding of stable (non-drifting without any external impact) spiral waves in myocardium was
previously numerically studied in [14]. In that work, the myocardium was very simplistically modeled as an isotropic
medium, and phenomenological cell-level models of Aliev–Panfilov (AP) [1] and a complex biophysical model of ion
dynamics in cardiac cells TP06 [18] were used. It was shown that the spiral wave can react to external stimulation
in three ways. First, it can be superseded and then disappear at the boundary. Second, the external stimulation can
press the spiral to the boundary and cause the spiral to drift along the boundary or to stay near it. Third, break-up can
occur. Effectiveness and safety of external stimulation was assessed. If model parameters are fixed, there is a segment
of effective stimulation periods. Normally, a maximal effective stimulation period is slightly less than the spiral wave
period. Stimulation periods close to the minimal effective limit can be unsafe due to break-up, whereas stimulation
with periods close to the maximal effective limit requires maximal time to supersede the spiral. So, the stimulation
seems to be effective and safe if its period is far enough from both limits.
Anisotropy is one of the main properties of the cardiac muscle, and the speed of the spread of electrical excitation
is 2-4 times greater along the fibres than across them. The present work is devoted to studying LVCD in anisotropic
myocardium models. We use the aforementioned phenomenological cell-level AP models and try broader limits of the
stimulation period and more variants of electrode locations. After measuring the time of the beginning and ending of
the spiral drift and determining the type of overall reaction of the spiral in the stimulation, we compare our findings
with the results for the isotropic case. Due to the computational intensiveness of the task, we used a high-performance
computer for our simulations.
2. Materials and Methods
In this Section, we present models of cardiac cells and tissue, protocols of stimulation, parameters of the models and
a numerical method that we used. We also give details on our hardware and software as well as address its scalability
index.
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2.1. Electrophysiological Model
We used phenomenological dimensionless model AP [1] in two versions: APsimple and APmu. Propagation of
wave excitation in the tissue was modelled using monodomain reaction-diffusion equations:
∂u
∂t
= div(D grad u) + f (u,v) + Istim(r, t),
∂v
∂t
= g(u,v), (1)
where u = u(r, t) is the transmembrane potential at the point r = (x, y) at the time t, v = v(r, t) is the vector of the
other phase variables, f (u,v) and g(u,v) are functions which depend on the cardiomyocyte model, Istim(r, t) is the
external stimulation current. To model anisotropic conduction along parallel cardiac myofibres, we used a uniaxially
anisotropic diffusion tensor D with Cartesian components Di j = Daδi j + (Df − Da)w iw j, i, j = 1, 2, where δi j is
the Kronecker symbol and w = w(φ) = (cos φ, sin φ) is the unit vector of myofibre direction. Thereby, the diffusion
coefficient is maximal and equal to Df along w, and is minimal and equal to Da in the transverse direction. For the
anisotropy, Df > Da, and for the isotropy, Df = Da.
At the medium boundaries, no-flux conditions n · D grad u = 0 were imposed with the local normal vector n.
In the case of APsimple model, system (1) has form:
∂u
∂t
= div(D grad u) − ku(u − a)(u − 1) − uv + Istim(x, y, t), (2)
∂v
∂t
= (u)(ku − v), where (u) =
1, if u < a;η, otherwise.
APmu model has the same equation (2) and the second equation in the following form:
∂v
∂t
= −
(
 +
µ1v
u + µ2
)
· (v + ku(u − a − 1)).
Stimulation current was equal Ist and was applied on region Ωstim with period Tstim by impulses with duration tstim
starting from the moment τ0:
Istim(x, y, t) =
Ist, if (x, y) ∈ Ωstim, t  τ0,
{
t−τ0
Tstim
}
 tstimTstim ;
0, otherwise.
We found minimal value Imin of the current which caused action potential. Then we set Ist := 4Imin. The stimulation
was started when the spiral wave “controlled” the entire computational domain.
It is known that any spiral wave has a tip where its forefront and backfront meet. The spiral tip rotates around
an area which is called the “core”. A spiral wave is considered drifting if its core moves. Studying the dynamics of
spiral waves is usually simplified by exploring the trajectory of the tip. To find it, we specified a certain level u∗ of the
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transmembrane potential, then the tip position rtip was approximated by the following equations as was shown in [4]:
u(rtip, t) = u∗, u(rtip, t + ∆t) = u∗,
where u∗ and ∆t are specific for each model. We set u∗ = 0.5 for both AP models; ∆t = 2 model units (MUs) for
APsimple, 1 MU for APmu model (conversion coefficients for MU of time T and length L into ms and mm respectively
are given below). The trajectory of the tip motion helps to determine the average drift velocity of the spiral wave and
the type of its dynamics.
2.2. Computational Experiments
As electrical signals in the heart propagate faster along myofibres than across them, our model 2D square was
anisotropic. We used dimensionless models so we provide parameters in MU. The diffusion coefficients were Df = 3,
Da = 0.3333. The reaction-diffusion system was integrated using the finite difference and the explicit Euler methods
with time step dt = 0.008 MU, space step dr = 0.4 MU, size of the mesh 160 × 160 MU.
S1S2 protocol [10] was used to make spiral waves. First, S1 stimulus induces a plane wave, which propagates from
one side of a square to another. Then, S2 is given so that it crosses the backfront of the first plane wave. A spiral wave
appears near the intersection. Stimulus S1 was applied to the left part of the square x < 32. Stimulus S2 was applied
to the bottom half of the square y < 80 at the time 10 MU (44 MU) for APsimple (APmu).
External stimulation was launched from the electrode(s) after the spiral captured the entire computational space,
so it started from τ0 = 200 MU.
Model APsimple had parameters η = 0.1, a = 0.03, 0.04, . . . , 0.1.
Model APmu had only one parameter set: k = 8, a = 0.1, µ1 = 0.2, µ2 = 0.3,  = 0.01. It reproduces normal
excitability of a healthy cardiomyocyte.
Parameter a is the most important parameter of the model and is responsible for excitability of cardiac tissue. The
used range of parameter a covers all the reasonable values for excitability important for spiral wave dynamics [14].
The APmu parameter set is close to the parameter sets from the original papers [1, 11].
The stimulation current was 20 MU (3 MU) for APsimple (APmu); the external stimuli had a duration 0.1 MU
(0.18 MU) for APsimple (APmu).
In Table 1, we give the temporal and spatial conversion coefficients from [14], where they were found using
action potential duration APD-90, velocity of 1D waves and temporal periods of spiral waves for the both simple
cardiomyocyte models and for the biophysical model TP06 [18].
Table 1. Parameters and characteristics of the myocardial models
Model, APD-90, T, 1D wave L, Spiral wave
parameter a MU ms speed, MU mm period Tsw, MU
APsimple:
a = 0.03 6.42 48 1.73 18.9 14.4
a = 0.04 6.27 49 1.66 20.0 14.6
a = 0.05 6.14 50 1.60 21.3 15.4
a = 0.06 6.00 51 1.53 22.7 17.2
a = 0.07 5.86 52 1.45 24.4 21.4
a = 0.08 5.74 53 1.37 26.3 30.8
a = 0.09 5.61 55 1.28 29.3 56
a = 0.10 5.49 56 1.16 32.7 184
APmu, a = 0.1 25.07 12.2 1.57 5.3 26
An important characteristic of a spiral wave is its temporal period Tsw. It is known that the period of the non-drifting
wave is equal to the period of oscillations of the model phase variables outside the core of the spiral. We calculated
the period of spiral waves as the time between the maxima of the transmembrane potential averaged by ten periods,
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at a point outside the stimulation region and outside the core of the wave. We set the period of external stimulation
relative to Tsw: Tstim = P · Tsw where P = 0.7, 0.75, . . . , 1.0.
To take into account the interaction between fibre directions and boundary conditions, we conducted experiments
with two directions of fibres: φ = 0 and φ = pi/4. Spiral waves for these cases are shown in Fig. 1. Fibre direction is
highlighted by black lines.
φ = 0 φ = pi/4
Fig. 1. Spiral waves and fibre directions, APmu model, t = 180 MU
We wrote our program in the C language (C99 version) and compiled using the Intel compiler icc. The most
overloaded code sections were determined and accelerated using OpenMP, which decreased the simulation time sig-
nificantly. We used a computational node whose configuration is presented in Table 2. The program has a nearly linear
scalability (tested by simulation of 5000 MU of time with φ = pi/4 for both models, a = 0.1 for APsimple, and one
stimulation electrode at the left bottom square corner). Table 3 shows simulation time with different number of cores.
We achieved ≈ 16x time speedup on 32 cores. The simulation time for different cell models differed because APmu
model gives slightly more computational load than APsimple.
All simulations were carried out on single node of Uran supercomputer of the Krasovskii Institute of Mathematics
and Mechanics.
Table 2. Configuration of the computational node
CPU 6 x Intel(R) Xeon(R) CPU E5-2697 v4 @ 2.30GHz
RAM 252 GB
Operating System CentOS 7.3
Table 3. The simulation time and achieved speedup using OpenMP
Number of cores 1 2 4 8 16 32
APsimple model
Simulation time, sec 1296 657 359 198 124 81
Acceleration ratio 1 1.97 3.6 6.55 10.39 15.94
APmu model
Simulation time, sec 1367 699 363 209 132 88
Acceleration ratio 1 1.95 3.76 6.54 10.35 15.49
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3. Results
We use special designations for the spiral’s response types.
A: spiral drifted from the electrode and disappeared at the boundary;
B: a drift to the boundary of the square, then along the boundary;
C: a drift to the boundary and stop;
D: no effect;
E: a spiral wave breakup;
AB: spiral drifted toward then along the boundary and finally disappeared;
Xn: n new spirals arose and disappeared whereas the main spiral’s responce was X (X is A, B, C, D, or AB).
Fig. 2 illustrates the types A, B, C, E.
Type A Type B
Type C Type E
Fig. 2. Spiral wave response types. Tip(s) trajectories are shown
3.1. Results on APsimple Model
We used one stimulation electrode placed at the left bottom corner. The response types of the spiral wave are
presented in Tables 4 (horizontal fibres) and 5 (diagonal fibres).
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Table 4. Type of spiral wave response to external stimulation in the APsimple model, φ = 0
a Relative period of external stimulation
0.7 0.75 0.8 0.85 0.9 0.95 1.00
0.03 B A C A A B D
0.04 A A A A C B D
0.05 A A1 A A C C D
0.06 A A A C C C D
0.07 A B B A A B D
0.08 B B B B B B D
0.09 A A B B B B D
0.10 A A A A A A A
Table 5. Type of spiral wave response to external stimulation in the APsimple model, φ = pi/4
a Relative period of external stimulation
0.7 0.75 0.8 0.85 0.9 0.95 1.00
0.03 A A A A2 A A D
0.04 A A A A A A D
0.05 A A A A C C D
0.06 A A A A3 A D D
0.07 B A A A A D D
0.08 A A A A D D D
0.09 A A A D D D D
0.10 A A A A A A A
From both tables, we see that the external stimulation was effective in all cases for the model with a = 0.1 as
the spiral drifted to the boundary and disappeared (type A). Stimulation with a relative period 1.00 had no effect on
the spiral wave drift in all the cases with a < 0.1. Also, there were no cases with break-up (type E). The minimal
attempted stimulation period 0.7 was, every time, still effective.
We also measured times when the spiral started to drift (T1) and when it approached the square boundary (T2).
We saw that the time T1 increased when the stimulation period increased, and T1 grew when the model parameter a
decreased. If the stimulation period was constant, the time T2 was maximal at a middle value of a (0.6 or 0.7 depending
on the period) and sufficiently less for a = 0.1. And if the parameter a was constant, the time T2 rose with an increase
of the stimulation period.
Table 5 shows an area of ineffective stimulation (type D) for higher stimulation periods (0.85 and more) and
0.06 ≤ a ≤ 0.09. For a < 0.1, times T1 and T2 increased when the stimulation period increased, as for φ = 0. For
a = 0.1, T1 was minimal for stimulation period 0.8 and T2 was maximal for the period 0.75.
Sometimes, new spiral waves arose (types A1, A2, A3).
3.2. Results on APmu Model
We tried five configurations of electrode size, number and location:
1) one point electrode at the left bottom square corner;
2) one point electrode at the centre of the square;
3) two point electrodes at the adjacent left corners;
4) two point electrodes at the centres of the top and bottom edges;
5) long line electrode occupying the entire left edge of the square.
The results are displayed in Tables 6–8.
Comparison of our results for one-electrode cases 1 and 2 shows that an increase of the stimulation period causes
a growth of the times T1 and T2 for all the cases except configuration 2 with φ = 0. With that special case, the times
oscillated and we could see no clear tendency. Also, that case is characterized by shorter times of spiral’s drift (T1
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was between 200 and 300 MU and T2 was between 680 and 1000 MU whereas T1 was between 600 and 4400 MU
and T2 was between 800 and 5400 MU for the configuration 1, both φ, and configuration 2, φ = pi/4). We saw that
effective stimulation periods lay on the segment [0.8, 0.95]. Near the left limit of this segment, break-up occurred, and
near its right limit, the superseding time increases. So, the most effective and safe stimulation period should be chosen
somewhere close to the segment’s middle. Effect of the fibre angle is that the times T1,2 were slightly less for φ = 0
than for φ = pi/4 in configuration 1.
Let us now analyze the two-electrode configurations 3 and 4. The segment of effective superseding was the same
([0.8, 0.95]) for all four cases except one case, namely configuration 4, φ = pi/4, where period 0.8 was ineffective and
the segment was [0.85, 0.95]. As in the one-electrode cases, the left limit of the segment was associated with break-up
(except the same case with configuration 4, φ = pi/4) and near the right limit, the times T1,2 grew. In most of the cases,
the time of drift to the boundary was less for φ = pi/4 than for φ = 0.
In general, the time needed to supersede the spiral to the boundary for one- and two-electrode configurations is
nearly the same. Only the case with one electrode near the spiral core, φ = 0 showed essentially shorter times.
Long-electrode configuration (5) was associated with more additional spiral waves, which arose due to more inter-
section points of the stimulation forefront and spiral wave backfronts. The segment of effective periods was the same,
[0.8, 0.95] for φ = pi/4 and even broader, [0.8, 1.0] for φ = 0. Time of spiral wave drift was bigger for φ = pi/4 than
for φ = 0. Again, low stimulation periods 0.7 and 0.75 caused break-up.
Table 6. Spiral wave response types for the APmu model
Relative Electrode configuration Electrode configuration
stimulation period 1 2 3 4 5 1 2 3 4 5
φ = 0 φ = pi/4
0.7 D D D D E E D5 E D E
0.75 E E E E E E E E D E
0.8 A A7 A A A9 AB A4 AB D AB3
0.85 A A2 A A A4 AB A2 AB C AB2
0.9 A A A C A6 AB A AB C1 AB2
0.95 C A A C C4 A A A A AB2
1.0 D D D D B9 D Dn D D D
Table 7. Time when the spiral began its drift
Relative Electrode configuration Electrode configuration
stimulation 1 2 3 4 5 1 2 3 4 5
period φ = 0 φ = pi/4
0.8 1222 250 1144 1120 491 649 361 660 — 590
0.85 1515 226 1400 1369 675 941 326 939 1097 867
0.9 2296 293 2137 2067 806 1318 553 1321 1603 1121
0.95 4144 238 3810 3681 1500 4376 725 4400 5413 3831
1.0 — — — — 4906 — — — — —
Table 8. Time when the spiral drifted to the square’s boundary
Relative Electrode configuration Electrode configuration
stimulation 1 2 3 4 5 1 2 3 4 5
period φ = 0 φ = pi/4
0.8 1396 943 1185 2849 634 835 653 831 — 806
0.85 1679 680 1473 2997 845 1156 473 1157 1393 1133
0.9 2481 970 2222 2800 1051 1633 750 1633 2008 1613
0.95 4354 464 3927 3900 1948 5378 1465 5377 5728 4593
1.0 — — — — 5508 — — — — —
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A comparison of three configurations 1, 3, and 5, where electrode(s) were placed only at the left edge of the square,
shows that times T1,2 are close in all the cases except configuration 5, φ = 0, where the times are significantly shorter
(1500–2000 MU vs. 4000–5000 MU).
4. Discussion and Conclusions
Previously we performed similar simulations for isotropic cardiac tissue [14]. Comparison of the results for the
isotropic and anisotropic cases reveals that similar drift regimes (A, B, C, D) can be observed. Quantitatively, the time
moments of drift begin and end T1,2 were smaller in the anisotropy than in the isotropy for electrode configurations 1,
3 (both for φ = pi/4) and 5; they were larger in anisotropy for cases 3 (φ = pi/4) and 4; the times were similar in case
1, φ = 0; finally, for case 2, no studies for isotropy were performed. Because, mathematically, the anisotropy with
parallel fibres is equivalent to rescaling in certain directions, the observed differences can be explained by change in
the effective geometry, size and location of the boundaries of the domain.
Calculations on isotropic models of the myocardium with the APsimple model [14] show that the external stim-
ulation is effective if its relative period is less than some upper limit (about 0.98) but the precise value of the lower
limit has not been found there. Here, we continued the work and explored periods from 0.7 for the anisotropic case.
We found that stimulation is still effective at periods as low as 0.7.
Cardiac tissue model APmu with the parameters we used is considered to more accurately represent myocardial
properties. Qualitatively, our results for the anisotropy are similar to those for the isotropy [14]. The effective stimu-
lation periods are between 0.8 and 0.95. The shortest stimulation period results in the minimal superseding time but
is dangerous due to the risk of breakup. The larger the period is, the more time to move the spiral to the boundary is
necessary.
Experimental studies of effects of high-frequency simulation on spiral waves were performed in the BZ chemical
reaction [8]. It was shown that such stimulation can result in an induced drift of spiral waves, and the drift speed
increases with a decrease in the stimulation period. The drift pattern described in [8] corresponds well to the regime
obtained for wave trains in our stimulation configuration 5 in APmu model. Although we did not measure drift speed
directly, the overall time intervals between the beginning and end of the drift in our simulations show the drift speed
also increases with a decrease in the stimulation period.
In the anisotropic models, sometimes new spiral waves appeared, which was not observed in isotropic AP-based
simulations in [14]. At the same time, appearance and effect of new spirals are key for LVD in TP06 simulations since
cardioversion is achieved there not by superseding, but by annihilation of the ”original” spiral with a new spiral. We
observed two ways how new spirals can appear. They are illustrated in Fig. 2E. First, stimulation from the electrode
can occur at the waveback of an existing wave so it initiates new spirals, as in the well-known S1S2 protocol [7].
Second, we observed formation of new spirals at some distance from the electrode close to the core of the existing
spiral wave, or at the boundary. The new spirals were formed due to interaction between plane waves produced by the
electrode and the original spiral wave.
One of the limitations of our study is that we used simple phenomenological cell models that do not include ionic
currents. One of these models is TP06, which has 18 phase variables. Simulation of such a model is computation-
ally intensive and requires more computing resources than AP models thus it needs to develop more sophisticated
algorithms which use not only OpenMP but MPI, or even automated scientific computing libraries.
In future work, we are going to consider ionic cell-level models, which describe action potentials in the cardiac
cells more accurately. The electrode in one of the analyzed configurations was placed near the spiral core, and an
interesting direction of future work is a study of the case when an electrode is inside the core, as was done in [22] for a
model of some excitable chemical 2D isotropic medium. Also, as it is known that mechano-electrical feedback causes
drift of spiral waves toward the boundaries, heart models with mechanics will be studied. Practical implementation of
such research is impossible without realistic 3D simulations, so we plan to generalize our work on 3D models of the
left ventricle, for example, as proposed in [15, 13].
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